Abstract: Nineteen insecticidal formulations from 10 groups of insecticides were evaluated for their relative toxicity against cotton mealybug Phenacoccus solenopsis Tinsley and its fortuous parasitoid Aenasius bambawalei Hayat. Insects were exposed to cotton leaves dipped in insecticidal solutions and their mortality was recorded at 24-h intervals. 
INTRODUCTION
The cotton mealybug, Phenacoccus solenopsis Tinsley (Hemiptera: Pseudococcidae) has been emerging as a serious invasive pest of cotton since 2006 in India (Hodgson et al., 2008; Nagrare et al., 2009) , reducing yields up to half the potential in affected cotton fields. Prior to that the species created havoc in Pakistan (Abbas et al., 2005) , causing losses to the tune of 0.2 million bales (One bale = 170 kg) during 2007 (Muhammad, 2007) . Since then, the species has become a pest of global importance, reported on cotton and several other economically important crops in countries Nigeria (Akintola and Ande, 2008) , Thailand and Taiwan (Hodgson et al., 2008) , Sri Lanka (Prishanthini and Laxmi, 2009) , China (Wu and Zhang, 2009) , Australia (Robinson and Tapim, 2010) and Japan (Tanaka and Uesato, 2012) . The species has been recorded on 194 host plants in India (Vennila et al., 2011) , including fields crops, fruit plants, vegetables, ornamentals, trees, spices, weeds, etc. The species poses a serious economic threat to cotton and other agricultural crops around the world, especially in tropical regions.
Farmers rely heavily on chemical insecticides as an easy and effective way of controlling this pest. It is well known that chemical pesticides are not only expensive but also affect the natural enemy fauna. Indiscriminate use of these chemicals leads to threats such as resurgence of insects , development of resistance in insects, environmental pollution and deleterious effects on human health. Several naturally occurring predators and parasitoids of mealybugs have been identified Suroshe et al., 2013) among them fortuous parasitoid, Aenasius bambawalei Hayat (Hymenoptera: Encyrtidae), an endophagous, nymphal solitary parasitoid of P. solenopsis causes average 30% parasitization . A. bambawalei was first described and reported from India (Hayat, 2009) and is the only dominant and aggressive parasitoid responsible for the decline of the mealybug population in the north zone (Kumar et al., 2009) . Its parasitization on P. solenopsis was reported in all three cotton-growing zones of India on several hosts including cotton and weeds. Its distribution has been recorded in Pakistan ISSN : 0974-9411 (Print), 2231-5209 (Online) All Rights Reserved © Applied and Natural Science Foundation www.jans.ansfoundation.org (Arif et al., 2011) , China (Chen et al., 2010) , Australia (Spargo et al., 2013) and now in Iran (Fallahzadeh et al., 2014) . World over numerous insecticides are being applied against P. solenopsis on agricultural important crops. Although insecticides are designed to kill pests, they are likely to be deleterious to the natural enemies of the pests. The knowledge of the relative toxicity of these insecticides to pest P. solenopsis and its natural enemies is insufficient. The objective of the present study was to understand the relative toxicity of some commonly used insecticides against P. solenopsis and its parasitoid A.bambawalei. The results would be useful to identify those insecticides that are effective against P. solenopsis and relatively safer to native parasitoid A.bambawalei.
MATERIALS AND METHODS
Experiments on relative toxicity of insecticides against P. solenopsis and A. bambawalei were carried out during April-November 2014 at the Insectary and Biocontrol Laboratory of Central Institute for Cotton Research, Nagpur, India using populations of P. solenopsis and A. bambawalei collected from location 21°2′ 18.4704″N, 79°3'36.6912''E cotton (Gossypium hirsutum L, var., Suraj). Test insects: Gravid females of P. solenopsis were separated from field collected populations and released on the sprouted potato for generating F 1 population. Mummies of mealybug were gently removed from field collected population with camel hair brush from the plant parts and released into plastic containers (18 cm dia. × 29 cm height) (average dimensions 8-10 cm length and 4-5 cm breadth) and secured with muslin cloth. The containers were kept at 27-32°C and relative humidity (RH) of 35-60%. Ten days old nymphs of P. solenopsis and freshly emerged A. bambawalei adults from mummified mealybugs were chosen for experiment. Insecticides: Nineteen insecticides from 10 groups of insecticides were taken up for toxicity studies against mealybug P. solenopsis and its parasitoid A. bambawalei. Details of all the insecticides and doses taken are listed in Table 1 . Fresh stock of each insecticide was procured from the open market while neem seed kernel extract (NSKE) was prepared in the laboratory (Anonymous 2014). Fresh test solutions of 100 mL each were prepared as per recommended doses on cotton by taking the requisite quantity of insecticides and diluted with distilled water. Bioassay method: IRAC method No 8 (http://www. irac -o nline.o rg/co ntent/upload s/ Method_008_ v3_june09.pdf) was used for conducting bioassays against P. solenopsis and A. bambawalei. Fresh tender cotton leaves with petiole were collected from Bt cotton Jai 3028 grown in the net house without any insecticidal spray and free from insect infestation. Leaves were washed under running tap water to remove any insect infestation/dust. Washed leaves were placed on absorbent paper and shade-dried. Cut portions of petioles were wrapped with wet cotton and placed inside microcentrifuge tubes. The leaves thus prepared were dipped into the insecticidal solution and removed after 2 minutes of treatment and shade-dried. P. solenopsis: Insecticide treated leaves were placed in petri plates (9 cm diameter) and 20 Nos. of ten days old nymphs of P. solenopsis were released per leaf. Each treatment was replicated six times. A. bambawalei: Insecticide treated leaves were placed in transparent 1-L plastic jars. Sterile cotton swabs dipped in honey+water (1:1 ratio) were provided as a source of food for A. bambawalei. Fifteen freshly emerged adult parasitoids were released into each plastic jar, the mouth of which was secured with muslin cloth. Each treatment was replicated thrice. In both cases, leaves treated with distilled water were used as control. The petriplates and jars were placed at room temperature 27-32 °C and 35-60% RH. Mortality was recorded at 24-h intervals by counting the dead insects and discarding them every day until 96 h. Corrected mortality was computed using Abbott's (1925) formula and data were subjected to analysis of variance under completely randomized design using the online software Web Agri Stat Package 2.0 (ICAR Research Complex for Goa, Ila Old Goa, India). A critical difference 0.05 was used to separate mean values. Probit analysis was carried with POLO-PC LeOra Software 1987.
RESULTS AND DISCUSSION
Relative toxicity of insecticide to P. solenopsis and A. bambawalei at 24 h interval: The results showed significant toxicity of test insecticides to P. solenopsis and A. bambawalei at 24 hour after treatment (Table 2) . At 24 h after treatment: More than 70 per cent mortality of P. solenopsis was observed with Thiodicarb and Quinalphos, Thiamethoxam, Chlorpyriphos and Profenophos and mortality of A. bambawalei with Quinalphos, Spinosad and Chlorpyriphos up to 24 hours after exposure. Cent per cent mortality of P. solenopsis was observed with Thiodicarb and Quinalphos. These were followed by Thiamethoxam, Chlorpyriphos and Profenophos and were not different from each other. Highest mortality of A. bambawalei was recorded with Quinalphos, Spinosad and Chlorpyriphos. Negligible mortality of P. solenopsis was recorded with Imidacloprid, Chlorantraniliprole, Indoxacarb and Spinosad, however they were highly toxic to A. bambawalei. Neem oil, NSKE, Neem oil+NSKE, Flubendiamide, Diafenthiuron, Novaluron, Buprofezin were found to be least toxic to either of the species. Monocrotophos and Profenophos were equally toxic to both the species. At 48 h after treatment: Profenophos, Thiamethoxam and Chlorpyriphos results into >90% mortality of P. solenospsis while 100% kill of A. bambawalei with Spinosad, Acephate and Chlorpyriphos. Highest mortal-ity of P. solenopsis was recorded with Profenophos followed by Thiamethoxam and Chlorpyriphos and these were at par with each other. These insecticides were followed by Monocrotophos but were not statistically different from later two. Remaining insecticides indicated less toxicity to P. solenopsis. Complete mortality of A. bambawalei was noted when exposed to the insecticides Spinosad, Acephate In the present investigation some of the insecticides tested were found to be toxic against the host insect P. solenopsis. These results were corroborating with the reported results (Kumar et al. 2012; Nagrare et al. 2011; Sahito et al. 2011; Huang et al. 2013) . Spinosad was less effective against P. solenopsis was also reported by Sharma and Kaushik (2010) , coworkers (2011) and Mandal and co-workers (2013) , however high toxicity to A. bambawalei is reported herewith. Kumar et al. (2011) reported resurgence of P. solenopsis on cotton with repeated spray of Spinosad. Least toxicity of Spinosad to P. solenopsis and extremely toxic to A. bambawalei might be the reason behind resurgence of mealybug. Studies also reported that Spinosad is highly toxic against the parasitoids Trichogramma galloi Zucchi. (Consoli et al. 2001) , T. chilonis (Hussain et al., 2012) and Chrysoperla carnea (Medina et al. 2001) ; the ladybird beetle, Hippodamia convergens; the minute pirate bug, Orius laevigatus; the big-eyed bug, Geocoris punctipes; and the damsel bug, Nabis sp. (Thompson et al., 2000) . Suma and co-workers (2009) (2000) and Williams et al. (2003) reported that it decreases parasitoid reproduction and longevity. Chlorpyriphos has a rapid and strong toxic effect on natural enemies (Toscano 2005; Carrillo et al. 2009 ).
The findings of the present study are also in agreement with those of Kumar et al. (2011) We recorded mortality at 24-h intervals; however, comparative results indicate a similar trend. Chlorpyriphos, Profenophos and Quinalphos were also found to be highly toxic to Chrysoperla larvae (Shinde et al., 2009) . Quinalphos completely inhibited the emergence of the parasitoid Trichogramma brasiliensis from egg (Varma and Singh 1987) . Application of profenophos resulted in 100% morality of C. marginiventris in direct contact and residual studies (Ruberson et al., 1993) while thiodicarb was found to be harmless to larval parasitoids Carcella illota (Chaturvedi 2014) and C. carnea (Nasreen et al., 2005) which clearly indicating resembling results. Toscano et al. (2005) have also registered the higher toxicity of Buprofezin, Imidacloprid, Thiamethoxam and Chlorpyriphos against egg parasitoids, Gonatocerus ashmeadi and G. triguttatus.
In the recent past, insecticides belonging to various groups with different modes of action are being tried to control the invasive pest mealybug P. solenopsis infesting cotton and other crops. However, the waxy body coating of mealybugs hinders the penetration of insecticides to a greater degree and hence management approaches that reduce reliance on insecticides and promote conservation of natural enemies need to be studied (Kumar et al., 2012) . Some of these insecticides demonstrate poor pest control but are found to be highly deleterious to natural enemies that control the pest population. The parasitoid A. bambawalei, plays a significant role in the control of P. solenopsis in several Asian countries. Mealybugs have a skewed and clumped distribution and can be easily managed by predators and parasitoids (Afifi et al., 2010) . It is well known that natural enemies of insect pests play a key role in biotic balance, minimising pest population levels below economic injury level. The advantage of biocontrol is now well recognized, particularly in the context of environmental protection as well as sustainable pest management. Conservation of natural enemies by way of avoiding application of harmful insecticides is necessary. Thiodicarb is reported to be relatively safer to several natural enemies like, Diglyphus intemedius (Girault) and Neochrysocharis punctiventris (Crawford) (Schuster, 1994) , Eretmocerus tejanus (Jones et al., 1998) , Orgilus Lepidus (Symington and Horne, 1998) , Geocoris punctipes (Say), Nabis capsifonnis Germar, Nabis roseipennis Reuter, Podisus maculiventris (Say) (Boyd and Boethel, 1998) , Chrysoperla carnea (Ayubi et al., 2013; Rasheed et al., 2014) and Carcella illota (Chaturvedi, 2014) . Minimum use of low to moderately toxic insecticides like Thiodicarb (belonging to WHO class II) can find a place in management of cotton pests like P. solenopsis.
Conclusion
This study provides basic information regarding the relative toxicity of various insecticides over time for pest mealybug and its fortuous parasitoid A. bambawalei under laboratory conditions. Thiodicarb was extremely toxic to P. 
